A recent report described a novel mechanism of action for an anti-proprotein convertase subtilisin-kexin type 9 (PCSK9) monoclonal antibody (LY3015014, or LY), wherein the antibody has improved potency and duration of action due to the PCSK9 epitope for LY binding. Unlike other antibodies, proteolysis of PCSK9 can occur when LY is bound to PCSK9. We hypothesized that this allowance of PCSK9 cleavage potentially improves LY efficiency through two pathways, namely lack of accumulation of intact PCSK9 and reduced clearance of LY. A quantitative modeling approach is necessary to further understand this novel mechanism of action. We developed a mechanism-based model to characterize the relationship between antibody pharmacokinetics, PCSK9 and LDL cholesterol levels in animals, and used the model to better understand the underlying drivers for the improved efficiency of LY. Simulations suggested that the allowance of cleavage of PCSK9 resulting in a lack of accumulation of intact PCSK9 is the major driver of the improved potency and durability of LY. The modeling reveals that this novel 'proteolysis-permitting' mechanism of LY is a means by which an efficient antibody can be developed with a total antibody dosing rate that is lower than the target production rate. We expect this engineering approach may be applicable to other targets and that the mathematical models presented herein will be useful in evaluating similar approaches.
Introduction
Proprotein convertase subtilisin-kexin type 9 (PCSK9) is an important regulator of serum LDL cholesterol (LDL-C) in animals and humans. [1] [2] [3] [4] There is genetic evidence for this role of LDL-C modulation by PCSK9, 1, [5] [6] [7] [8] as well as impressive clinical pharmacologic evidence for this role, as shown by administration of anti-PCSK9 antibodies. Over the past several years, data from late-stage clinical trials have demonstrated the LDL-C lowering efficacy of several anti-PCSK9 antibodies, such as alirocumab (REGN727/SAR236553, Praluent Ò ), evolocumab (AMG145, Repatha Ò ) and bococizumab (RN316), and alirocumab and evolocumab were both approved by the US Food and Drug Administration during 2015 for the lowering of LDL-C in some patients. 9, 10 We recently described a PCSK9 antibody with a novel mechanism of action. 11 Unlike other reported catalytic domain PCSK9 inhibitory antibodies, LY3015014 (LY) binds to a PCSK9 epitope that allows cleavage of the intact active form of PCSK9 to the inactive, 52-kDa form by protease cleavage at Arg218 in the catalytic domain. LY binds N-terminally to the cleavage site, so LY will bind and inhibit full-length (FL) PCSK9 binding to LDL-receptor, but since it allows cleavage of the protein, FL PCSK9 levels do not accumulate in the serum of the animals. Other PCSK9 antibodies caused significant accumulation of FL PCSK9 in humans and animals. 11, 12 It was shown that LY allowance of PCSK9 cleavage led to increased potency and durability of effect on LDL-C levels compared with antibodies that did not allow this cleavage. It was also shown that PCSK9-mediated clearance of LY was diminished relative to other anti-PCSK9 antibodies. However, the relative importance of the lack of FL PCSK9 accumulation and the diminished target-mediated clearance of LY was unclear. Additionally, LY maintains the ability to bind to the cleaved 7-8 kDa N-terminal fragment (NF) of PCSK9, and the potential effect of this fragment on the overall efficacy of LY was also unclear.
Given the complexity of the pharmacologic system, we hypothesized that mechanism-based pharmacokinetics (PK)/ pharmacodynamics (PD) modeling would allow us to gain greater insight into the mechanism of action of LY, including the relative importance of the various contributors of the unexpected potency and long duration of action of LY. Other groups have reported various PK, PK/PD or systems pharmacology models to describe various PCSK9 antibodies. [13] [14] [15] However, the unique mechanism of LY has not been explored previously via quantitative models. Here, we present a model-based characterization of the LY-PCSK9 system, and use the model to show that the cleavage of PCSK9 in the presence of LY, leading to a reduction of FL PCSK9 accumulation, is the primary driver of the efficiency of LY. We also show that the residual binding of LY to PCSK9 NF likely has minimal impact on the therapeutic efficiency of LY.
The primary goal of an antibody therapeutic to a soluble ligand is to reduce free ligand levels, thereby diminishing ligand binding to its receptor. Free ligand levels are determined by the ratio of the input rate of the ligand to the clearance of the free ligand. The mechanism for an antibody to reduce free ligand levels following steady-state dosing is the provision of an additional clearance pathway for the free ligand (i.e., the antibody). Thus, if the antibody is cleared along with the ligand, the lowest possible dosing rate of antibody required to neutralize all of the ligand will equal the ligand production rate itself, no matter how high the affinity of the interaction between antibody and ligand. 15, 16 This can be problematic in the case of ligands with very high production rates because it limits the feasibility of developing a therapeutic that can practically be administered (e.g., due to solubility and dose volume limitations, and cost).
To lower the absolute dose requirements for a high-production target, antibodies may be developed that allow differential clearance of the antibody and ligand, thus increasing the efficiency of the antibody therapy by allowing more than one ligand molecule to be eliminated by a single antibody binding site. One way to achieve this increased efficiency is to develop an antibody with pH-dependent binding, allowing the antibody to recycle to plasma after endocytosis after releasing the ligand within the cell to be eliminated. This strategy was first reported by Igawa et al., 16 and was subsequently termed 'antigen-sweeping' when applied to antibodies with increased affinity for the FcRn receptor. 17 Chaparro-Riggers et al. 18 subsequently applied this approach to anti-PCSK9 antibodies. In this work, we quantitatively characterize a new possible mechanism for enhancing the therapeutic efficiency of an anti-PCSK9 antibody and for reducing the potential dosing requirements of an antibody to a level lower than the ligand production rate, namely allowing cleavage of the active ligand when bound to the antibody, or a 'proteolysis-permitting' antibody.
Results
PK/PD modeling of LY effects on PCSK9 levels in mice expressing human wild-type or non-cleavable PCSK9
A mechanism-based PK/PD model was developed to characterize the previously published experiments 11 to facilitate further understanding and investigation of the unique mechanism of action of LY compared with other anti-PCSK9 antibodies. The schematic representation of the final PK/PD model developed to characterize the effects of LY, AMG (an antibody that blocks Figure 1 . Schematic representation of the antibody-ligand portion of the PK/PD model. Antibody (Ab) can be administered either intravenously (IV) or subcutaneously (SC). For SC administration, absorption is governed by a 1st-order rate constant (k a ). V 1 represents the volume of distribution of the plasm/serum compartment for Ab. Ab can distribute to a peripheral compartment (with a distribution clearance of CL D and a volume for the peripheral compartment of V 2 ). Clearance of Ab from is from the central compartment (CL Ab ). Binding of Ab to PCSK9 is assumed to be fast relative to other processes and is modeled with an equilibrium constant for binding (K D,FL for Ab interaction with intact PCSK9, and K D,NF for interaction with the 7.7 kDa N-terminal fragment following furin cleavage of FL PCSK9). None of the antibodies studied can bind to the C-terminal fragment following furin cleavage (N218), and LY is assumed to bind to FL PCSK9 and PCSK9 NF with equal affinity. Each of the species of PCSK9 has their respective 1st-order rate constants for elimination (k FL , k NF and k N218 for FL PCSK9, PCSK9 NF and N218, respectively). FL PCSK9 is assumed to be produced by a zero-order process (K in,FL ). Furin cleavage of FL PCSK9 is governed by the 1st-order k CL . Cleavage of the Ab-bound FL PCSK9 is governed by k CLC . The Ab-FL PCSK9 complex has a unique 1st-order elimination rate constant k AbFL , while the Ab-PCSK9 NF complex is assumed to be eliminated by similar processes as free Ab (k AbNF D CLAb/V 1 ).
PCSK9 proteolysis)
11 and a control IgG on wild-type and noncleavable PCSK9 is shown in Fig. 1 . The system of equations described in the Methods section were used to estimate parameters to predict the antibody and PCSK9 data, and the resulting model predictions vs. raw data plots are shown in Fig. 2 , with the selected model and parameterization providing reasonable predictions of the observed data. The parameter estimates from these fits are shown in Table 1 .
The mechanism-based nature of the model allows prediction of the suppression of the intact PCSK9, since these levels were not measured in the study. The predicted duration of suppression of FL PCSK9 is significantly longer for LY compared with AMG in mice expressing wild-type PCSK9 (Fig. 3A) . However, the predicted duration of suppression of FL PCSK9 in mice expressing non-cleavable PCSK9 was similar (and short) for both antibodies (Fig. 3B) . These predictions are consistent with the previously published observations in mice, where LY had a distinct durability advantage over AMG in its ability to lower LDL-C in mice expressing wild-type human PCSK9 (even though LY has lower affinity for PCSK9 than does AMG), but no such advantage in mice expressing non-cleavable PCSK9.
11
PK/PD modeling of LY effects on PCSK9 and LDL-C levels in monkeys A study was conducted in cynomolgus monkeys that allowed linkage of the predicted suppression of FL PCSK9 to LDL-C in a model that is more representative of humans. The antibodyligand portion of the model was the same as was developed for mice, with parameter values estimated for monkey. The LDL-C portion of the model was an indirect response PK/PD model, 19 where FL PCSK9 levels inhibit the removal of LDL-C in a concentration-dependent manner. The equation governing the LDL-C portion of the model is also shown in Methods. Model-predicted versus observed data for the PK of LY are shown in Fig. 4 (intravenous dose results shown in panel A and subcutaneous dose results shown in panel B). The model predictions captured the non-linearity in the PK, caused by targetmediated drug disposition (TMDD), quite well. The observed vs. predicted total (FL PCSK9 C N218) PCSK9 concentrations are shown in Fig. 5A . Total PCSK9 levels remained near baseline following dosing of LY to cynomolgus monkeys, whereas they increased dramatically when an antibody that prevents PCSK9 cleavage was dosed (Fig. 5B ). Fig. 6 shows the observed vs. model predicted LDL-C levels, showing the model was successfully able to link the predicted suppression of free intact PCSK9 to the suppression of LDL-C in monkeys. The PK and PD parameters associated with this model are shown in Table 2 .
Simulations to understand the importance of improved antibody clearance vs improved FL PCSK9 elimination and reduction of FL PCSK9 accumulation
We hypothesized that the benefits of the LY mechanism of action may be through either reduced accumulation of the FL PCSK9 or through reduced TMDD of the anti-PCSK9 antibody. 11 We conducted simulations to probe the effect of reducing TMDD for antibodies that bind to PCSK9. Fig. 7A shows the effect of reducing TMDD for an antibody that binds PCSK9 but prevents cleavage of the PCSK9 (an AMG-like antibody). In this case, reducing TMDD actually decreases the effectiveness of the antibody for lowering FL PCSK9 levels. Fig. 7B shows the effect of decreasing non-target mediated clearance on antibody effectiveness. We generated a hypothetical antibody like LY, but added an additional, non-target clearance pathway for this antibody to give it a PK profile similar to an antibody like AMG. This additional non-target mediated clearance pathway led to diminished FL PCSK9 lowering compared with LY, suggesting that improving non-target mediated clearance has the potential to improve antibody effectiveness. However, this hypothetical LY-like antibody with faster clearance still had better FL PCSK9 lowering efficacy than an antibody like AMG, showing that clearance is not fully responsible for the improved effects of LY. Taken together, these observations suggest that the improved clearance of LY is an effect of the unique mechanism of action and is not the cause of the increased efficiency of LY. By simply improving the targetmediated clearance alone, without adding the elimination pathway for antibody-bound FL PCSK9 (thus reducing the accumulation of FL PCSK9), one would not necessarily expect improved efficiency for the anti-PCSK9 antibody.
Simulations to understand the importance of PCSK9 NF binding to LY Since LY is able to bind PCSK9 NF when PCSK9 is cleaved, we investigated whether this binding would have a significant effect on LY's efficacy for FL PCSK9 lowering. We simulated a version of LY that had insignificant binding to PCSK9 NF and compared the predicted FL PCSK9 lowering to that of LY. As can be seen in Fig. 8 , the binding of LY to PCSK9 NF should have very little effect on LY's efficiency of FL PCSK9 lowering.
Simulations to evaluate the degree of absolute dose reduction possible with the 'proteolysis-permitting' antibodies
The major significance of LY's mechanism of action is that this permission of proteolysis of the active ligand when bound to the anti-ligand antibody can afford a pathway to lower the absolute dosing requirements of the antibody to less than the input rate of the ligand (and still reach complete inhibition of the ligand). It generates a differential clearance between the ligand and the antibody. To our knowledge, thus far, only one other approach to increase an antibody's efficiency below the ligand production rate has been described (the pH-dependent release of the ligand, or 'antigen-sweeping' antibody). shows simulated dose-response curves for an antibody that allows cleavage of PCSK9 (Fig. 9A) vs. an antibody that prevents cleavage of PCSK9 (Fig. 9B) , over a range of affinities for both antibodies. Other than the affinity (and the prevention of cleavage in Fig. 9B ), the parameters for these simulations were the same as for LY. These simulations show that increasing affinity of the antibody will lower the dosing requirements to achieve a certain level of PCSK9 lowering, but only to a certain point. Beyond a certain affinity, no additional improvement is seen for either type of antibody. At the limit, for the most optimized antibody and dosing regimen, the lowest input rate for an antibody that prevents ligand proteolysis should equal the ligand production rate. The input rate for PCSK9 in this monkey model is 0.511 nM hr ¡1 , with a volume of distribution of 71.0 mL kg ¡1 (Table 2) . This leads to a weekly PCSK9 production rate of 6.1 nmol/kg/week. The model assumes two binding sites per antibody, so the lowest possible input rate to neutralize all PCSK9 for the optimal non-cleaving antibody (perfect K D , non-target clearance and antibody input rate) would be »0.46 mg/kg/week. Because LY allows antibody-bound FL PCSK9 (AbFL) an additional clearance pathway, k CLC , the lowest possible dose for the optimal proteolysis-permitting PCSK9 antibody will be k AbFL /(k AbFL Ck CLC ) times the lowest dose for the antibody that does not allow proteolysis. In this case, that ratio is 0.208, so the optimal proteolysis-permitting antibody can allow doses »5-fold lower than the PCSK9 production rate and still reach full FL PCSK9 suppression (»0.096 mg/kg/week for antibody dosing). Since neither LY nor our hypothetical LY version that prevents cleavage in Fig. 9 are perfectly idealized with regard to affinity, non-TMDD clearance and dosing rate, the observed doses for full neutralization are slightly higher than these theoretical amounts, but the difference between the two can be clearly seen.
Discussion
We used data from two animal models to develop and explore the quantitative PK/PD model for the effects of a proteolysis-permitting antibody on circulating PCSK9 and Table 2 . PK/PD model parameters describing the interaction of LY with PCSK9 and the corresponding effects on LDL-C in cynomolgus monkeys. the subsequent effects on LDL-C lowering. Because nonhuman primates are more similar to humans with respect to PK, PD and LDL-C aspects of the system, this was the primary model with which we wanted to explore the mechanism of action of LY. However, since we had total PCSK9 measurements available (rather than free PCSK9), and because LY does not cause changes to total PCSK9 in primates, the cynomolgus monkey was not the ideal system to develop the structural PK/PD model. Thus, we used the LY and AMG data from the previously published experiments in mice expressing either wild-type human PCSK9 or noncleavable PCSK9 11 to ensure that the model structure was appropriate to characterize the various antibody-ligand interactions. We then applied that structural model to the more appropriate cynomolgus monkey model for our simulations.
The structural model developed in mice was able to adequately describe the PK and PCSK9 concentrations following dosing of AMG, LY or control IgG to mice expressing either wild-type human PCSK9 or non-cleavable human PCSK9. This model translated directly to the cynomolgus monkey. The mechanism-based model allowed good characterization of both the LY levels and the PCSK9 levels. Further, the pharmacologic utility of the model was demonstrated by linking the predicted FL PCSK9 lowering in monkey to the LDL-C lowering. The model projections matched the observed data very nicely, and demonstrated the ability to link PK, target engagement and downstream biomarker effects. This connectivity of mouse to monkey, and of monkey target levels to monkey LDL-C levels, gave us confidence that the structural model was sufficiently reasonable to further explore various aspects of the mechanism of action of LY.
Few attempts have been made to describe PK/PD modeling incorporating equilibrium binding for two proteins that compete for binding with one receptor (e.g., PCSK9 NF competes with FL PCSK9 for binding to LY). This type of system has previously presented challenges to implement easily in standard PK/PD software, as the solution for the free species involves a cubic equation, and there has been uncertainty regarding which of the three solutions of the cubic equation are permissible. Because of this uncertainty, Yan et al. used a numerical bisection algorithm and a differential representation of the system to describe exogenous IgG competing with endogenous IgG for binding to FcRn and recombinant human erythropoietin competing with endogenous erythropoietin for binding to the erythropoietin receptor. 20 In our implementation, we used Wang's exact mathematical expression for describing competitive binding of two ligands for a protein molecule, which showed that only one of the solutions to the cubic equation is permissible. 21 This allowed us to avoid the use of the numerical bisection algorithm or the differential representation, and explicitly solve the equations for free antibody, AbFL and AbNF, and readily implement the system of equations shown in the Methods in NONMEM.
We conducted simulations to better understand the importance of improved clearance of LY vs an antibody like AMG to the overall mechanism of action. To do this, we first simulated the expected monkey PCSK9 and antibody profiles for an antibody that prevents cleavage, that does allow target-mediated clearance, and that has the same affinity for FL PCSK9 as LY. Then we conducted an analogous simulation, removing the target-mediated clearance, and assuming the AbFL complex is eliminated like the free antibody. This removal of TMDD for the antibody resulted in an improved PK profile (increased AUC), but actually predicted a worse free FL PCSK9 profile compared with the antibody that allowed TMDD (Fig. 7A) . The antibody without TMDD allows the total PCSK9 levels to accumulate even higher than the antibody with TMDD, and the higher total FL PCSK9 levels more than offset the improvements in PK observed.
Another way to try to get at the clearance question was to add a non-ligand dependent antibody clearance pathway to the LY parameters, to generate an antibody with an LY-like proteolysis property, but with additional non-target mediated antibody clearance. This generated a proteolysis-permitting antibody with a PK profile similar to what would be expected of a non-cleaving antibody like AMG. Simulations showed that increasing the LY clearance so that the PK profile matched an antibody like AMG did have a detrimental effect on the FL PCSK9 lowering, compared with LY (Fig. 7B) . However, the FL PCSK9 suppression for this faster clearance version of LY was still superior to the suppression for a non-cleaving antibody like AMG. This suggests that improving non-target mediated clearance (LY with fast CL vs. LY) for an antibody can provide better FL PCSK9 lowering. Taken together, these observations show that the improvement in antibody clearance is not the primary driver of the increased efficiency of an antibody like LY. Rather, the primary driver is the ability of the antibody to allow clearance of the active PCSK9 without clearing the antibody itself. The improved clearance of the antibody that is associated with this mechanism is an inseparably-linked benefit. Thus, to generate antibodies with similar benefits as LY, a strategy that drives a differential clearance between the antibody and the ligand, not simply improving the clearance of the antibody, should be used.
Glassman and Balthasar recently reported a physiologically based PK model that nicely characterized the effect of pHdependent binding antibodies on reducing the target-mediated clearance of anti-PCSK9 antibodies, showing quantitatively the impact of that mechanism on the improvement of antibody PK. 15 In that analysis, they did not report the influence of the mechanism of action on the ligand levels themselves, but we would expect that the key driver for the improved efficiency of this class of antibodies is the differential clearance generated between antibody and ligand, and not solely the improved antibody clearance or minimization of TMDD. In developing efficient antibodies for high ligand production targets, it is important to focus on strategies that drive differential clearance of the antibody and the ligand, and not solely on improving antibody clearance. One could conceivably eliminate TMDD and improve the antibody PK by mechanisms other than pHdependent binding or allowance of ligand proteolysis. For example, two approaches might be to inhibit the interaction between PCSK9 and APLP2, 11, 22 or to simply lower the affinity of the antibody-PCSK9 interaction; however, we would predict that the dosing benefits observed for LY and pH-dependent antibodies would not be present in such cases if there is no improvement in the differential clearance of the antibody and the ligand.
On the surface, it would seem that the ability of LY to bind to the inactive PCSK9 NF might decrease the efficacy of LY therapy, since it competes for binding sites with FL PCSK9. However, since the affinity for PCSK9 NF and FL PCSK9 are equivalent, and the binding is always assumed to be in equilibrium, the fractional binding of each fragment will be identical. Once full-length, antibody-bound PCSK9 is cleaved, total FL PCSK9 levels decrease, and the equilibrium between LY, FL PCSK9 and PCSK9 NF is immediately re-established, and the PCSK9 NF binding has little effect on FL PCSK9 lowering. In this way, LY effectively provides an additional clearance pathway for FL PCSK9, and allows differential clearance between antibody and ligand.
In summary, we developed a quantitative model to characterize the mechanism of action of a novel, efficient, 'proteolysis-permitting' antibody. This is a second demonstrated mechanism of action that has the potential to reduce the total dosing requirements to a level below the input rate of the ligand. For the LY mechanism and target, the potential reduction in dosing rate relative to antigen production rate, and relative to antibodies that do not allow proteolysis of PCSK9, is »5-fold. Finding ways to improve efficiency of antibody therapy can be critical to success for antibodies to ligands with high production rates. We emphasize that the strategy for improving antibody therapy efficiency should include more than reducing antibody clearance or increasing antibody affinity. One should also consider ways to provide differential clearance between the antibody and the ligand. Mechanism-based mathematical models such as the model herein described can be extremely helpful in providing insight into antibody-ligand systems, as they can provide insight into target kinetics and suppression. Consideration of variables such as the nature of the target, its production and elimination kinetics, its elimination mechanisms, the epitope of binding relative to proteolysis, activity of cleaved fragments, and feasibility of introducing pH-dependent binding between antibody and ligand should inform engineering strategies for antibodies directed against soluble targets.
Materials and methods

Materials
The anti-PCSK9 and IgG4 control antibodies used in the studies were described elsewhere.
11 Each are were provided by Eli Lilly and Company. LY is an IgG4 anti-PCSK9 antibody that binds to the catalytic domain of PCSK9 and allows proteolytic cleavage when bound. AMG is an IgG4 antibody with complementarity-determining region sequences of AMG145 anti-PCSK9 antibody. H2a6 is another Lilly-generated anti-PCSK9 IgG4 antibody that prevents proteolysis of PCSK9 when bound.
Mouse PK/PD study
The mouse PK/PD study was described in detail elsewhere. 11 Briefly, mice expressing either wild-type human PCSK9 or the non-cleavable (R215A/R218A) PCSK9 mutant were dosed with a single intravenous dose of 10 mg/kg control IgG4 (IgG), AMG or LY (n D 12-16 mice per group). Serum was collected for up to 2 weeks post-dose and analyzed for total human IgG levels and total PCSK9 levels (the sum of antibody-bound and free FL PCSK9 and N218).
Monkey PK/PD study
Normal chow-fed cynomolgus monkeys were randomized by LDL-C levels and received a single intravenous (1, 5 or 15 mg/kg) or subcutaneous (5 mg/kg) dose of LY or a single intravenous dose (5 mg/kg) of control hIgG4. Blood samples for PK, PCSK9 and LDL-C levels were collected for up to 56 d post-dose. LDL-C levels were determined with a homogeneous assay (LDL-C plus second generation; Roche Diagnostics) using a Roche P800 Modular Analytics analyzer.
For comparison, PCSK9 results from a second monkey study are also shown. In this study an antibody preventing the proteolysis of PCSK9 (antibody H2a6) was dosed intravenously to monkeys at 5 mg/kg.
All animal protocols were approved by the Eli Lilly and Company Animal Care and Use Committee.
IA-LC/MS/MS assay to measure human IgG in mouse serum
LY, AMG, or IgG concentrations were measured in mouse serum by high resolution/accurate mass (HR/AM) LC/MS following immunoaffinity sample preparation. A stable isotopelabeled antibody was added to the samples as an internal standard, and the human IgGs were immunoprecipitated (IP) from serum aliquots through the addition of goat anti-human IgGbiotin (Southern Biotech, cat# 2049-08) and streptavidincoated magnetic beads (Dynal M280, cat# 112.06D). Following IP, the complex-associated magnetic beads were washed with phosphate-buffered saline, and the IgGs were eluted with formic acid. The eluents were concentrated to dryness, and the samples were reduced (triethylphosphine), alkylated (2-iodoethanol); and digested overnight with trypsin (Promega Gold, cat# V5280). Aliquots (20 uL) were injected onto the LC/MS for analysis. The assay was qualified to quantify human IgG concentrations in mouse serum over the range of 100 to 12,800 ng/mL.
The LC/MS analyses were performed on a Thermo Orbitrap Elite mass spectrometer operated in the positive ion electrospray, full scan FTMS mode. A surrogate peptide from the hinge region of the IgG was selected for accurate mass precursor quantification, while surrogate peptides from the Fab region and C-terminus of the heavy chain were measured to ensure analyte selectivity and in vivo stability. The liquid chromatography system used a Thermo Acela UHPLC liquid chromatograph and a HTS Pal Leap autosampler. 
Immunoassay to measure LY in monkey serum
Concentrations of LY were determined using a sandwich ELISA method for human IgG, using goat anti-human k IgG (Southern Biotech, cat# 2060-01) and horseradish peroxidase-conjugated mouse anti-human Fc IgG (Southern Biotech, cat# 9040-05) for capture and detection, respectively. The curve range was 5 to 400 ng/mL with a lower and upper limit of quantitation of 10 and 300 ng/mL, respectively (Advion Biosciences).
IA-LC/MS/MS assay to measure PCSK9 in monkey and mouse serum
Total PCSK9 concentrations in cynomolgus monkey or mouse serum were analyzed by LC/MS/MS following 'drugtolerant' immunoaffinity-capture sample preparation. Serum aliquots were added to an Immulon 4 HBX ELISA plate (ThermoFisher Scientific) that was coated with a drug-tolerant PCSK9 monoclonal antibody (Eli Lilly) and blocked. Following incubation at ambient temperature, the plate was washed and PCSK9 was eluted from the ELISA plate using acidic acetonitrile containing 40 ng/mL of SIL PCSK9 surrogate peptide internal standard (DVI 7 NEAWFPEDQR). The eluents were concentrated to dryness, and the samples were digested overnight with trypsin. Aliquots (20 uL) were injected onto the LC/MS/MS for analysis. The assay was qualified to quantify PCSK9 concentrations in monkey and mouse serum over the range of 31.2 (monkey PCSK9 and non-cleavable human PCSK9 in mouse) or 62.5 (wild-type human PCSK9 in mouse) to 1000 ng/mL.
The LC/MS/MS analyses were performed on a Thermo Quantum triple quadrupole mass spectrometer operated in the positive ion electrospray, multiple reaction monitoring (MRM) mode. The following MRM transitions were monitored for PCSK9 (DVINEAWFPEDQR surrogate tryptic peptide): 809.9 ! 644.1 (CE 25 eV, tube lens 113 V), and for the SIL internal standard (DVI 7 NEAWFPEDQR synthetic peptide): 813.4 ! 644.1 (CE 25 eV, tube lens 120 V). The liquid chromatography system used a Thermo Acela UHPLC liquid chromatograph and a HTS Pal Leap autosampler. Chromatographic separation was on an Analytical Sales Sprite Armor C18 column (2.1£40 mm, 4 um) with a Thermo Javelin Aquasil C18 (2.1£20 mm, 5 um) guard column, which were operated at 50 C. The mobile phases (0. Mathematical model to characterize interaction between anti-PCSK9 antibodies, PCSK9 and LDL-C
IgG-PCSK9 portion of model
The structural PK/PD model to characterize the interaction between anti-PCSK9 antibodies and PCSK9 levels was generated in mice expressing either wild-type (WT), cleavable human PCSK9 or non-cleavable-PCSK9. Then, the structural model developed in mice was applied directly to monkeys. Thus, the antibody-ligand binding portion of the model was the same between the two species and was described by the system of equations below:
Antibody-PCSK9 binding is always assumed to be at equilibrium in this model. LY can bind equally to both PCSK9 NF and FL PCSK9, whereas AMG can bind only to FL PCSK9. Wang described an exact mathematical expression for describing competitive binding of two ligands to a protein. 21 Based on that solution, the following equations can be developed:
Once Ab f , AbFL and AbNF have been obtained, the remaining species can be obtained using mass balance equations:
In these equations the various species of antibody, ligand and antibody-ligand complexes are defined as follows: Ab sc is the mass of antibody at the subcutaneous site (monkey only); Ab t is the concentration of total antibody binding sites in the central (plasma/serum) compartment (Abt D Ab f C AbFL C AbNF); Ab f is the concentration of free antibody binding sites in the central compartment; AbFL is the concentration of antibody-intact full length PCSK9 (FL PCSK9) conjugate; AbNF is the concentration of antibody-N-terminally truncated PCSK9 fragment (PCSK9 NF) conjugate; Ab p is the mass of antibody in the peripheral distribution compartment; FL t is the concentration of total fulllength, intact PCSK9 (FL f C AbFL); FL f is the free fulllength, intact PCSK9; NF t is the concentration of total Nterminally truncated PCSK9 fragment (NF f C AbNF); NF f is the concentration of free N-terminal fragment; N218 t is the concentration of total C-terminal PCSK9 fragment following furin cleavage of PCSK9 (N218 t D N218 f , since neither of the antibodies bind to N218).
In these equations the various rate constants are defined as follows: k a is a rate constant for antibody absorption; k Ab is a rate constant for free antibody elimination (parameterized as the ratio of antibody clearance to central compartment volume of distribution -CL Ab /V 1 ); k 12 and k 21 are rate constants governing antibody distribution to and from the peripheral compartment (parameterized as the ratios of antibody distributional clearance to volume of distribution -k 12 D CL D / V 1 and k 21 D CL D /V 2 ); k AbFL is a rate constant governing elimination of AbFL; k AbNF is a rate constant governing elimination of AbNF (for these analyses it was assumed k AbNF D k Ab ); K in is the production rate constant for intact PCSK9; k FL is the rate constant for elimination of free, intact PCSK9; k CL is the rate constant for cleavage of free PCSK9 (presumably by furin); k CLC is the rate constant for cleavage of antibody bound FL PCSK9 (k CLC D k CL for LY in monkeys and mice expressing WT PCSK9 and k CLC D 0 for AMG in all species and for LY in mice expressing NC PCSK9); k NF and k N218 are the elimination rate constants for free PCSK9 NF and free N218, respectively. K D,FL and K D,NF are the affinities of the antibodies for FL PCSK9 and PCSK9 NF, and were fixed at in vitro values (for non-binding situations, e.g., AMG with PCSK9 NF, these values were fixed at an arbitrarily high value of 1 mM to allow use of the same equations for all antibodies).
The initial conditions for the ligand equations are defined by the following equations (where the 0 subscript represents the concentration of the entity at time zero):
The bioanalytical assays provided the measures of Ab t and the total PCSK9 (sum of FL t and N218 t ). The above equations allowed the prediction of all other antibody, ligand and antibody-ligand species in the model system. NONMEM VII was used for estimation to obtain parameter estimates for both mouse and monkey, and for simulation to explore various aspects of the system. All parameters in the model were estimated, with the following exceptions: K D values for LY and AMG were fit to in vitro values; 11 k AbNF was assumed to be equal to k Ab ; k NF and K N218 cannot be reliably estimated from the current data since PCSK9 NF and N218 were not specifically measured. These parameters were fixed such that baseline N218 concentrations would be approximately 30% of total circulating PCSK9 (FL PCSK9CN218) and that baseline PCSK9 NF concentrations would be approximately 10% of circulating FL PCSK9 concentrations. These approximations are consistent with the data regarding the circulating forms of PCSK9 reported previously by Han et al. 23 LDL-C portion of model For the monkey study, the LDL-C portion of the model was included with the PK and PCSK9 portions of the model to develop the linkage between FL PCSK9 suppression and LDL-C lowering. A basic indirect response model, with FL PCSK9 suppressing the elimination of LDL-C was used for this portion of the model, as denoted below.
In this equation, K in,LDL is a constant production rate for LDL-C; k out,LDL is a rate constant for elimination of LDL; I max is the maximum possible inhibition of k out,LDL by FL PCSK9; IC 50 is the FL PCSK9 concentration at which k out,LDL is 50% inhibited. All the data (PK, PD and LDL) were used simultaneously to obtain PK/PD parameter estimates in monkey.
Simulations to explore unique mechanism of action of LY Relative importance of reducing TMDD vs lowering FL PCSK9 accumulation The PK/PD model and parameters obtained from the monkey estimation were then adapted for use in simulations to explore the unique mechanism of action of LY. First, we generated simulations to explore the relative importance of the decreased clearance that LY's mechanism provides vs. the additional clearance of PCSK9 (and decreased accumulation) that LY's mechanism provides. To investigate the improved antibody clearance on LY's efficacy, we first compared the effects of an antibody that prevents cleavage and has TMDD with an antibody that prevents cleavage and does not have TMDD. We next generated a simulation where we added an additional clearance route for LY to give it the same PK profile it would have if there were no cleavage of the LY-FL PCSK9 complex (while still allowing cleavage of the complex). These two sets of simulations allowed us to consider the effect of improving LY clearance by minimizing TMDD or by improving non-TMDD clearance. We simulated the expected free FL PCSK9 reduction under each of these conditions. See Table 3 for a summary of the parameters used for these simulations.
Impact of residual PCSK9 NF binding to LY Because LY binds equally to PCSK9 NF and FL PCSK9, we were interested to explore the effect of this PCSK9 NF binding on the efficiency of FL PCSK9 lowering by LY. We generated simulations where K D,NF for LY was set to an arbitrarily high value (1 mM) and compared the lowering of FL PCSK9 under these parameter conditions with those of the base case (using the actual monkey parameters). Table 3 shows the parameter values used in this simulation.
Impact of LY mechanism of action on lowest absolute dose We explored the effect of LY's mechanism of action, and its ability to lower the absolute dose for an optimal therapeutic antibody. To find the 'optimal' antibody, we generated a series of simulations wherein we made a set of antibodies with LY's mechanism of action, but with a range of affinities for PCSK9 (both FL PCSK9 and PCSK9 NF) varying from 20 pM to 200 nM. We simulated weekly dosing (7 weeks) over a dose range of 0.01-10 mg/kg and calculated area under the curve (AUC) of FL PCSK9 at steady-state. We repeated these simulations for an antibody that prevents cleavage, and compared minimum dosing requirements for an antibody like LY that allows cleavage to an inactive form, and an antibody that does not allow cleavage. The lowering of FL PCSK9 at steady-state was expressed as the % of maximum inhibition, with maximum inhibition being defined as the baseline FL PCSK9 levels multiplied by the dosing interval of 168 hr.
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